Introduction {#Sec1}
============

In estimation theory, parameter can be estimated from probability distribution and the Cramér-Rao bound^[@CR1],\ [@CR2]^ tells us there exists uncertainty in parameter estimation. Fisher information is used to describe the precision limit and it has been extended to quantum regime. The so-called quantum Fisher information (QFI) is used to describe how well one can estimate a parameter from a quantum state^[@CR1]--[@CR4]^. Since the central task in quantum metrology is to improve the precision of parameter estimation, how to increase the QFI in quantum state becomes a key issue in quantum metrology. Initial correlated systems such as entangled states have been used to increase the QFI in comparison to that in case of using initial uncorrelated systems, thus improve the precision limit of parameter estimation^[@CR5]--[@CR19]^. However, in reality, the probe systems are unavoidably in interaction with the environment, the quantum decoherence caused by the environment may decrease the QFI as well as destroy the quantum entanglement in the probe system exploited to improve the precision. In this regard, the dynamics of the estimation precision induced by the interaction between different models of system and environment have been studied^[@CR20]--[@CR39]^. As a result, how to control the environmental effects on quantum metrology becomes an important issue.

In quantum sense, quantum fluctuations are environments which no system can be isolated from. The interaction between quantum fluctuations and a probe atom will cause the decoherence behavior of the probe atom. Thus the precision limits of estimating initial atomic parameters decay with time and after the typical time of the spontaneous decay of the probe atom, the precision is greatly damaged^[@CR40]^. However, quantum fluctuations can be modified. If we put several ancillary atoms beside the probe atom, since all atoms are in interaction with the quantum fluatuations, the probe atom will be affected by the ancillary atoms indirectly and the information loss of the probe atom causing by the quantum fluctuations will also be modified. As the indirect correlations of atoms are determined by the relative arrangement of the atoms, we may wonder what kind of arrangement will help us reduce the information loss and how much will the precision be retained.

Evolution of total state {#Sec2}
========================

We consider the probe system (atom 1) and an ancillary system consisted of *N* − 1 identical two-level ground state atoms interacting with a bath of fluctuating scalar fields in the Minkowski vacuum. We use the natural units and the total Hamiltonian of such a system can be written as$$\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{l}\mathrm{\ (}l=1,2,3)$$\end{document}$ being the Pauli matrices and *σ* ~0~ being the 2 × 2 unit matrix. We assume all atoms have the same energy level spacing *ω* ~0~. *H* ~*F*~ denotes the Hamiltonian of the scalar field and the interaction Hamiltonian *H* ~*I*~ is taken in analogy to the electric dipole interaction in the weak coupling limit as$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Phi }}}^{(-)}(t,{{\rm{x}}}_{i})$$\end{document}$ denote the positive and negative frequency part of the field parameter with $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle 0|{{\rm{\Phi }}}^{(-)}(t,{{\rm{x}}}_{i})=0$$\end{document}$. In interaction picture, the evolution equation of the total state becomes$$\documentclass[12pt]{minimal}
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We assume the parameter to be estimated is the phase factor *ϕ* of the state of the probe system. So the total state of the probe system, ancillary system and environment at initial time can be written as$$\documentclass[12pt]{minimal}
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                \begin{document}$$|\psi \mathrm{(0)}\rangle =\frac{1}{\sqrt{2}}(|{e}_{1}\rangle +{e}^{i\varphi }|{g}_{1}\rangle )|{g}_{else}\rangle |0\rangle .$$\end{document}$$

Here \|*e* ~1~〉, \|*g* ~1~〉 denote the excited and ground state of the probe atom. \|*g* ~*else*~〉 denotes the direct product of vacuum states of all the other atom. We assume the total state at time *t* has the form$$\documentclass[12pt]{minimal}
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Applying the above equation into the evolution equation of the total state (4), we have$$\documentclass[12pt]{minimal}
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Two atoms case {#Sec3}
==============

At first, we let *N* = 2, which means the ancillary system contains only one ground state atom and we use *L* to denote the distance between the two atoms. In this case, the initial state of the total system reduced to$$\documentclass[12pt]{minimal}
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As a result, the evolution equations of *b* ~1~(*t*) and *b* ~2~(*t*) become$$\documentclass[12pt]{minimal}
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The coefficients *A* and *B* are determined by the Fourier transformation of the field correlations$$\documentclass[12pt]{minimal}
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Then the Bloch vector of the probe atom in Schrodinger picture can be written as$$\documentclass[12pt]{minimal}
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Applying Eq. ([21](#Equ21){ref-type=""}) into the above equation, we have$$\documentclass[12pt]{minimal}
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We find that the QFI depends on the distance between the two atoms. When $\documentclass[12pt]{minimal}
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Three atoms case {#Sec4}
================

Now we let *N* = 3. In three atoms case,$$\documentclass[12pt]{minimal}
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From Eq. ([25](#Equ25){ref-type=""}), we have$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\dot{b}}_{1}(t)+m{\dot{b}}_{2}(t)+n{\dot{b}}_{3}(t)=(A+mB+nC)[{b}_{1}(t)+m{b}_{2}(t)+n{b}_{3}(t)],$$\end{document}$$with$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{array}{rcl}B+Dn & = & B{m}^{2}+Cnm,\\ C+Dm & = & Bmn+C{n}^{2}.\end{array}$$\end{document}$$

In order to have the protection term in QFI, we need *m* + *n* = −1. As a result, we have$$\documentclass[12pt]{minimal}
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When *B* = *C*, in order to have a solution in Eq. ([29](#Equ29){ref-type=""}), we need *C* = *D*. So we have *B* = *C* = *D*, which means the distances between all of the two atoms are same. In this condition, we have$$\documentclass[12pt]{minimal}
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Then the Bloch vector of the probe atom can be obtained as$$\documentclass[12pt]{minimal}
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As a result, due to the second part of the above equation, QFI may be partially protected. After long time evolution, the QFI becomes $\documentclass[12pt]{minimal}
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As a result, the *e* ^(*A*−*B*)*t*^ part has the same weight with that in two atoms case. So the protection part in QFI is same with that in two atoms case and the retained QFI becomes one quarter of the initial QFI. In conclusion, in three atoms case, the QFI can be partially protected and the largest retained QFI is obtained in condition that the three atoms are in symmetrical arrangement that the distances between all of the two atoms are same.

N atoms case {#Sec5}
============

Since the largest remained QFI is obtained in the above symmetrical arrangement, now we expand this well arrangement to *N* atoms. We assume the distance of each of the two atoms is same and the distance is small compared to the transition wavelength of the atoms $\documentclass[12pt]{minimal}
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Solving the above equations, we have$$\documentclass[12pt]{minimal}
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The Bloch vector of the probe atom is obtained as$$\documentclass[12pt]{minimal}
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Due to the second part of the above equation, the retained QFI becomes $\documentclass[12pt]{minimal}
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                \begin{document}$${(\tfrac{N-1}{N})}^{2}$$\end{document}$ times of the initial QFI. However, in fact, the symmetric arrangement condition can be fulfilled when *N* = 4 at most. In this case, the probe atom and the three ancillary atoms are located in the vertex of regular tetrahedron as is shown in Fig. ([1)](#Fig1){ref-type="fig"}. The retained QFI then becomes $\documentclass[12pt]{minimal}
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                \begin{document}$$\tfrac{9}{16}$$\end{document}$ times of the initial QFI.Figure 1The probe atom and the three ancillary atoms located in the vertex of regular tetrahedron.

Conclusion {#Sec6}
==========

In conclusion, we have studied the dynamics of QFI of parameters of initial state of a static two-level probe atom in the Minkowski vacuum in the existence of *N* − 1 two-level ancillary atoms. Our results show that the QFI, thus the precision limit of the estimation of probe atom will be retained after long time evolution with proper arrangement of the atoms. The largest retained QFI is obtained in symmetrical arrangement that the distances between all of the two atoms are same and the retained precision approaches to $\documentclass[12pt]{minimal}
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                \begin{document}$$\tfrac{9}{16}$$\end{document}$ times of the initial precision for *N* = 4 at most.
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